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Abstract 

Background: Recent studies have suggested that essential tremor (ET) is a more complex and heterogeneous clinical entity 
than initially thought. In the present study, we assessed the pattern of cortical thickness and diffusion tensor white matter 
(WM) changes in patients with ET according to the response to propranolol to explore the pathogenesis underlying the 
clinical heterogeneity of ET. 

Methods: A total of 32 patients with drug naive ET were recruited prospectively from the Movement Disorders outpatient 
clinic. The patients were divided into a propranolol-responder group {n = ^8) and a non-responder group (n = 14). We 
analyzed the pattern of cortical thickness and diffusion tensor WM changes between these two groups and performed 
correlation analysis between imaging and clinical parameters. 

Results: There were no significant differences in demographic characteristics, general cognition, or results of detailed 
neuropsychological tests between the groups. The non-responder group showed more severe cortical atrophy in the left 
orbitofrontal cortex and right temporal cortex relative to responders. However, the responders exhibited significantly lower 
fractional anisotropy values in the bilateral frontal, corpus callosal, and right parietotemporal WM compared with the non- 
responder group. There were no significant clusters where the cortical thickness or WM alterations were significantly 
correlated with initial tremor severity or disease duration. 

Conc/usions: The present data suggest that patients with ET have heterogeneous cortical thinning and WM alteration with 
respect to responsiveness to propranolol, suggesting that propranolol responsiveness may be a predictive factor to 
determine ET subtypes in terms of neuroanatomical heterogeneity. 
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Introduction 

Essential tremor (ET) is one of the most common movement 
disorders and has been widely regarded as a monosymptomatic 
condition, characterized by kinetic arm tremor [1,2]. However, as 
our understanding of ET is advancing, the concept of ET as a 
more complex and heterogeneous clinical entity has been rapidly 
gaining acceptance, although evidence suggesting that ET is likely 
a neurodegenerative disorder is stiU inconclusive. Several clinical 
series indicated that patients with ET had additional neurological 
signs including cognitive impairment, cerebellar disturbances, and 
olfactory deficits [3-6] . Additionally, the neuropathological studies 
indicated that the majority of ET cases have changes in the 
cerebellum, whereas some had Lewy bodies (LB) or neuronal 
depletion in the brainstem, mainly in the locus coeruleus (EC) [7- 
9]- 

The pathophysiology of ET also remains unclear. One possible 
explanation is that the abnormal intrinsic oscillations influence the 
cerebello-thalamo-cortical loop. Several neuroimaging studies 



using positron emission tomography (PET), voxel-based mor- 
phometry, and diffusion tensor imaging (DTI) in patients with ET 
supported the disintegration of this loop [10-18]. However, no 
neuroimaging studies have evaluated the neuroanatomical sub- 
strates for complex clinical characteristics of ET. Only recentiy 
have postmortem studies attempted to correlate the heterogeneous 
clinicopathological findings, and these showed that some clinical 
characteristics tended to dilfer between ET patients with and 
without LB pathologies [7,8]. 

We hypothesized that the variable responsiveness to propran- 
olol, which is one of the most widely used and efficacious anti- 
tremor drugs, may reflect underlying structural or functional 
changes in individuals with ET. Lideed, about 30% of patients 
with ET do not respond to propranolol, and some cases show 
tolerance to the drug effect with chronic treatment [19]. 
Therefore, we assessed the pattern of cortical thickness and 
diffusion tensor white matter (WM) changes in patients with ET 
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according to the response to propranolol to explore the 
pathogenesis underlying the clinical heterogeneity of ET. 

Patients and Methods 

Subjects 

The study population consisted of 32 patients with drug naive 
ET recruited from the Movement Disorders outpatient clinic at 
Severance Hospital, Seoul, Korea, between March and October 
2012. ET was diagnosed according to the criteria of the 

Movement Disorder Society on Tremor [20]. Patients had no 
history of exposure to ET medications, such as beta-blockers and 
primidone. Each subject underwent brain magnetic resonance 
imaging (MRI), the cross-cultural smell identification test (CCSIT) 
[21], and a neuropsychological test battery. The severity of ET 
was assessed with the Fahn—Tolosa— Marin tremor rating scale 
(TRS) [22]. 

Exclusion criteria included the presence of medical comorbid- 
ities interfering with the use of beta-blockers (e.g., asthma, 
atrioventricular block), other neurological signs (e.g., dystonia, 
parkinsonian features), a history of exposure to tremorgenic drugs 
(e.g., gastrointestinal drugs, neuroleptics), and evidence of focal 
brain lesions, multiple lacunes, or diffuse areas of WM 
hyperintensity on brain MRI. 

This study was approved by the Yonsei University Severance 
Hospital institutional review board. Written informed consent was 
obtained from aJl subjects who participated in this study. 

Assessment of response to propranolol 

Each subject was initially treated with the beta-blocker, 
propranolol, with escalation of dose from 40 mg/ day to 80 mg/ 
day after 2 weeks, which was widely established as a standard care 
for ET. Movement disorders specialists (Y.H.S. and P.H.L. who 
involved in the current study) prescribed propranolol in the 
outpatient chnic. The severity of tremor was assessed twice with 
the Fahn-Tolosa-Marin TRS for aU patients, i.e., at baseUne on 
the first visit and on the second visit after 8 weeks of medication. 
The Fahn-Tolosa-Marin TRS consisted of three parts: Part A 
(amplitude of tremor in different body parts); Part B (tremor in 
writing, drawing, and pouring); and Part C (functional disabilities 
in daily living). Each item was scored from 0 (none) to 4 (severe), 
and the total possible score was 156. The improvement of total 
TRS scores after 8 weeks (response rate) was calculated. The 
patients were then divided into two groups according to the 
response to propranolol: responders, over 25% improvement in 
total TRS scores; non-responders, below 25% improvement in 
total TRS scores [23]. 

Neuropsychological assessment 

All subjects were administered the Seoul Neuropsychological 
Screening Battery (SNSB) [24], which is a detailed Korean 
language neuropsychological test battery consisting of five 
cognitive domains: attention (forward/backward digit span and 
letter cancellation); language and related functions (Korean 
version of the Boston Naming Test [K-BNT], calculation, and 
praxis); visuospatial function (Rey Complex Figure Test [RCFTj); 
memory (three-word registration/recall and Seoul Verbal Learn- 
ing Test [SVLT] for verbal memory; immediate recall/delayed 
recall/recognition using RCFT for visual memory); and frontal/ 
executive function (contrasting program, go/no-go test. Controlled 
Oral Word Association Test [COWAT], and Stroop test). The 
scores for each cognitive domain were determined as abnormal 
when they were below the 16* percentile of the age-, sex-, and 
education-specific norms of 447 healthy control subjects. 



MRI acquisition 

All MRI scans of ET patients were acquired using a Philips 3.0 
T scanner (Philips Intera; Philips Medical System, Best, The 
Netherlands) with a SENSE head coil (SENSE factor = 2). The 
high-resolution Tl -weighted MRI data were obtained axially from 
eiU subjects using a 3D Tl-TFE sequence with the following 
parameters: 224x224 axial acquisition matrix; 256x256 recon- 
structed matrix with 170 slices; field of view, 220 mm; voxel size, 
0.859x0.859x1 mm^; echo time, 4.6 ms; repetition time, 9.8 ms; 
flip angle, 8°. The diffusion-weighted MRI data were obtained 
from 30 subjects using a single-shot echo-planar acquisition with 
the following parameters: 45 non-collinear, non-coplanar diffu- 
sion-encoded gradient directions; 128x128 acquisition matrix 
with 70 slices; field of view, 220 mm; voxel size, 
1.75x1.75x2 mm'^; echo time, 70 ms; repetition time, 7.663 s; 
flip angle, 90°; b-factor, 600 s/mm^. 

Analysis of cortical thickness 

The following steps were applied to high-resolution Tl- 
weighted MRI data, which have been described in detail elsewhere 
[25—29]. A fuUy 3D technique for inhomogeneity correction 
removed a serious obstacle for automated segmentation of MRI, 
which slowly varied the change in signal intensity over the image 
caused by magnetic field inhomogeneity [26]. To account for 
interindividual diflFerences in absolute brain size, each brain was 
separately transformed to a standardized stereotactic space and 
resampled on a 1-mm'^ voxel grid. This procedure was performed 
with automatic registration software using a 3D cross-correlation 
approach to match the single MRI volume, with the intensity 
average of 305 MRI brain volumes previously aligned in a 
standardized stereotactic space [25]. An artificial neural network 
classifier was applied to identify gray matter (GM), WM, and 
cerebrospinal fluid (CSF) [28]. The cortical surface was automat- 
ically extracted from each MR volume using the Constrained 
Laplacian-based Automated Segmentation with Proximities 
(CLASP) algorithm. Cortical thickness was calculated as the 
Euclidean distance between the corresponding vertices of the inner 
and outer cortical surfaces [30]. 

We analyzed the global difference and corrected ^-statistical 
maps of cortical thickness between the groups, adjusting for age, 
sex, years of education, disease duration, and intracranial volume 
as covariates. Statistical analyses were performed using SurfStat 
toolbox (http://www.math.mcgill.ca/keith/surfstat/), for Matiab 
(R2008b; Math Works, Natick, MA). The results for the between- 
group differences in cortical thickness were considered significant 
at random-field tiieory (RFr)-corrected P<0.05 [31]. 

DTI processing 

DTI data were preprocessed using the Functional Magnetic 
Resonance Imaging of the Brain (FMRIB) Software Library (FSL) 
program (http://www.fmrib.ox.ac.uk/fsl/). Motion artifacts and 
eddy current distortions were corrected by normalization of each 
directional volume to the non-diffusion-weighted volume (bO) 
using the FMRIB Linear Image Registration Tool (FLIRT) with 6 
degrees of freedom. After correction of motion artifacts and eddy 
current distortions, the diffusion tensor was calculated using a 
simple least-squares fit of the tensor model. Then, the fractional 
anisotropy (FA) and mean dififusivity (MD) were determined for 
each voxel using standard methods of the DTIFIT program in 
FSL. 
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Table 1. Baseline demographic characteristics. 







Responder (n = 18) 


Nonresponder (n= 14) 


P 


Age 


62.4 (8.6) 


63.2 (10.5) 


0.821 


Female, No. (%) 


13 (72.2) 


8 (57.1) 


0.465 


Education (years) 


9.0 (0-18) 


12.0 (3-18) 


0.924 


Age at onset 


44.1 (16.5) 


46.6 (16.1) 


0.662 


Duration (years) 


15.0 (4-50) 


1 1 .5 (5-40) 


0.985 


K-MMSE 


28.0 (17-30) 


29.0 (19-30) 


0.668 


CDR 


0.25 (0-1) 


0.25 (0-1) 


NS 


CDR (SOB) 


0.25 (0-3) 


0.25 (0-3) 


0.790 


CCSIT 


10.0 (5-12) 


9.0 (4-11) 


0.255 


Family history. No. (%) 


16 (88.9) 


9 (64.3) 


0.195 


Limb tremor. No. (%) 


18 (100) 


14 (100) 


NS 


Head tremor. No. (%) 


11 (61.1) 


8 (57.1) 


0.821 


Before medication 


TRS A 


11.5 (6-23) 


12.5 (5-42) 


0.819 


TRS B 


14.0 (2-26) 


1 2.0 (4-36) 


0.924 


TRS C 


7.5 (2-19) 


8.0 (2-31) 


0.351 


TRS total 


31.5 (12-67) 


36.5 (12-109) 


0582 


After medication 


TRS A 


7.0 (3-17) 


1 2.5 (5-42) 


0.030 


TRS B 


8.0 (1-21) 


1 2.5 (4-36) 


0.031 


TRS C 


4.0 (0-14) 


8.0 (2-31) 


0.027 


TRS total 


21.0 (5-50) 


36.5 (12-109) 


0.013 


Response rate 


TRS total 


33.85 (25.0-58.7) 


0.00 (-2.7-8.6) 


<0.001 



The values are expressed as median (minimum -maximum), mean (SD), or number (percentage). Abbreviations: K-MMSE, Korean version of MInl-Mental State 
Examination; CDR, Clinical Dementia Rating; SOB, Sum of Boxes; CCSIT, Cross cultural smell identification test; TRS, tremor rating scale; NS, not significant. 
doi:1 0.1 371 /journal.pone.0084054.t001 



Tract-based spatial statistics (TBSS) analysis 

The TA and MD maps of DTI preprocessing results were used 
in TBSS analysis. AH FA images were aligned to the standard 
FMRIB58 FA template provided by the FSL program using a 
nonlinear registration algorithm implemented in the TBSS 
package. The FA images were then averaged to create a 
skeletonized mean FA image. Each subject's aligned FA images 
were projected onto this skeleton by filling the skeleton with the 
highest FA values from the nearest relevant center of fiber tracts 
[32] . A threshold FA value of 0.2 was chosen to exclude voxels of 
adjacent GM or CSF. The MD images were also processed using 
identical methods to the FA data by applying the nonhnear 
registration algorithm and projecting them onto the skeleton. 

To compare the values for the responder and non-responder 
groups, voxel-wise statistical analysis of individual skeleton images 
was performed using a nonparametric permutation test. Age, sex, 
years of education, and disease duration were included as 
covariates in the analysis of covariance (ANCOVA). The null 
distribution was built up over 5000 permutations. For control over 
the multiple comparison correction, we used the threshold-free 
cluster enhancement (TFCE) approach with the 2D parameter 
settings [33], The results for FA and MD were considered 
significant for famUywise error (FWE)-corrected P<0.05. The FA 
is an index of directional selectivity of water diflFusion, and the MD 
is the average diffusivity of three dimensions, where decreased FA 
and increased MD are indicative of WM disintegration. 



Correlation analysis 

Multiple regression analysis was performed to determine the 
correlations between cortical thickness and initial tremor severity 
assessed by TRS or disease duration, adjusting for age, sex, years 
of education, and intracranial volume as covariates. The result for 
cortical thickness was considered significant at RFT-corrected 
P<0.05. Analysis of correlations between FA values and total TRS 
score or disease duration was also performed, adjusting for age, 
sex, and years of education. The results for FA and MD were 
considered significant at FWE-corrected P<0.05. 

Statistical analysis 

To compare the baseline demographic characteristics of the two 
groups, the Mann-Whitney U-test and Fisher's exact test were 
used for continuous and categorical variables, respectively. 
Multiple linear regression analysis was used to compare the 
subscores of the detailed neuropsychological test, adjusting for age, 
sex, and years of education. Statistical analyses were performed 
using SPSS version 18.0 (SPSS, Inc., Chicago, IL, USA), and two- 
tailed P<0.05 was considered significant. 

Results 

Demographic characteristics 

Table 1 shows the baseline demographic characteristics of the 
patients with ET (18 responders and 14 non-responders). There 
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were no significant differences in age, sex, years of education, or 
general cognitive deficits as measured by the Korean version of the 
Mini-Mental State Examination (K-MMSE) [34] or Clinical 
Dementia Rating (CDR) [35] between the two groups. There 
were also no significant differences in duration of tremor, olfactory 
function measured by the CCSIT, or the presence of family history 
of ET between the two groups. Additionally, the initial tremor 
severity assessed by the Fahn-Tolosa-Marin TRS was not 
significantly different between the groups. A detailed neuropsy- 
chological test battery, the SNSB, also showed no significant 
differences in each cognitive domain (Table SI). Subanalyses were 
performed for 30 of 32 patients with ET (16 responders and 14 
non-responders) for whom DTI data were available. There were 
no significant differences in the baseline demographic character- 
istics or neuropsychological test results between responders and 
non-responders (data not shown). 

Analysis of cortical thickness 

The mean difference maps of cortical thickness between the two 
groups (18 responders and 14 non-responders) are shown in 
Figxire lA. The color scale bar at the bottom represents the 
between-group differences in cortical thickness. In this color scale, 
blue and red indicates less and greater cortical thickness, 
respectively, in the non-responder group compared with the 
responder group. The non-responder group tended to show less 
cortical thickness in the left orbitofrontal cortex (OFC) and right 
superolateral temporal lobe. Figure IB shows the corrected t- 
statistical maps of cortical thickness. Significant differences were 
observed in the left orbital gyrus and right middle temporal gyrus, 
where the non-responders exhibited less cortical thickness than did 
the responders (RFT-corrected P<0.05). No areas were found in 
which the non-responders had greater cortical thickness compared 
with the responders. 



TBSS analysis 

The non-responders exhibited significantly higher FA values in 
the bilateral frontal, corpus callosal (genu), and right parietotem- 
poral WM than the responders did (FWE-corrected P<0.05; 
Figure 2). The non-responder group did not have areas with 
significantly reduced FA values (i.e., more severe structural WM 
change) compared with the responder group. There were no 
significant MD differences between the groups. 




Figure 2. TBSS analysis of fractional anisotropy (FA) in 
comparison of responder and non-responder groups, l-ligher 
FA values of the non-responders compared with the responders were 
found in the bilateral frontal, corpus callosal (genu), and right 
parietotemporal WM (FWE-corrected P<0.05). 
doi:10.1371/journal.pone.0084054.g002 
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Figure 1. Analysis of cortical thickness in comparing responders versus non-responders. (Aj Difference maps of cortical thickness 
between two groups. The color scale bar shows the difference in mean cortical thickness between the two groups, with blue and red indicating less 
and greater cortical thickness in non-responders, respectively. (B) Corrected f-statistical maps of cortical thickness. The non-responders had 
significantly less cortical thickness in the left orbital gyrus and right middle temporal gyrus compared with the responders (RFT-corrected P<0.05). 
doi:1 0.1 371/journal.pone.0084054.g001 
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Correlation analysis 

No significant clusters where the cortical thickness was 
significantly correlated with initial tremor severity assessed by 
TRS were observed. Additionally, the FA values were not 
significandy correlated with the severity of tremor. Furthermore, 
the disease duration was not significandy correlated with either 
cortical thinning or FA value. 

Discussion 

The present study demonstrated that patients with ET who had 
no response to propranolol exhibited reduced cortical thickness in 
the left orbitofrontal and middle temporal areas compared with 
those who responded to this agent. Our study also showed that the 
responders had greater disintegration of WM in the regions 
corresponding to the fibers of the cerebello-thalamo-cortical loop, 
despite the absence of significant differences in age, sex, disease 
duration, and cognitive level. These data suggest that patients with 
ET have heterogeneous cortical thinning and WM alteration with 
respect to responsiveness to propranolol. 

Cortical thinning measurement and DTI tractography have 
been frequently used to investigate the patterns of anatomical 
connectivity in the human brain [36,37]. These approaches have 
been widely applied in several neurological disorders to under- 
stand the neural correlates of each disorder [38^0]. Thus, 
heterogeneous cortical thinning and WM alteration of ET patients 
may reflect the different anatomical connectivity and subsequendy 
lead to distinct clinical features. 

The mechanism by which beta-blockers alleviate symptoms in 
patients with ET is still unclear. Some studies have suggested that 
beta-blockers may act on peripheral beta-adrenoreceptors in the 
muscle fibers or spindles [41^3]. Other conflicting findings 
supported a possible role of beta-blockers via a central action, 
based on the different pharmacokinetics and effects on ET of 
various beta-blockers [44,45]. However, the central neuroana- 
tomical substrate that is responsible for the pharmacological 
actions of beta-blockers in ET has not been established. Among 
several possible structures, the LC has been suggested as a strong 
candidate [46,47], as it is the primary source of noradrenergic 
innervations and expresses beta-adrenoreceptors [48]. Recently, 
Baker et al. reported anti-tremor effects of beta-blockers through a 
central site of action [47] . Based on changes in corticomuscular 
coherence patterns, they speculated that beta-blockers act 
centrally through modulation of Renshaw cells, mediated 
indirectly via inputs from neurons expressing beta-adrenorecep- 
tors, such as those in the LC. Furthermore, several series have 
reported a possible role of the LC in the pathogenesis of ET. 
Animal studies using a harmaline-induced tremor model showed 
that a lesion of the LC augmented the tremor [49,50]. Recent 
neuropathological studies of patients with ET revealed that some 
cases had abundant LB or neuronal loss in the LC [7,9]. The 
Purkinje cells in the cerebellum are known to be innervated by 
noradrenergic terminals arising from the LC with an inhibitory 
influence [51,52], and this coerulo-cerebeUar pathway extends 
projections to the subcortical cerebellar nuclei, thalamus, and 
cerebral cortex [53-55]. Therefore, any lesion in this pathway, 
including the LC, may lead to alteration in the function of the 
Purkinje cells and disintegration of the cerebello-thalamo-cortical 
loop. 

In addition to these possible roles of the LC in ET, the LC also 
projects its noradrenergic innervations to all regions of the brain, 
including the neocortex, hippocampus, thalamus, stibthalamic 
nucleus, and substantia nigra, and plays roles in several important 
functions, such as arousal, adaptive gain, and optimal performance 



[56]. To regulate these functions of the LC, major cortical 
glutamatergic afferents to LC are known to arise from the 
orbitofrontal and anterior cingulate cortices [57]. Accordingly, it is 
possible that this connection between the OFC and LC could have 
an indirect influence on the pathogenesis of tremor. In the present 
study, the cortical thinning observed in the- OFC of non- 
responders may have affected the projections to the LC, leading 
to subsequent alterations of LC functions, which may contribute to 
the pathogenesis of ET in the non-responder group. More 
importandy, this alteration in the OFC-LC pathway may lead 
to changes in a central action of propranolol mediated by the LC, 
which may explain OFC thinning in non-responders. Although 
the clinical significance of LC in ET remains uncertain, a few 
clinicopathological correlation studies indicated that ET patients 
with LB in the LC tended to have older age of onset, less frequent 
family history of ET, lower incidence of gait difficulty, and greater 
likelihood of taking medications for ET than those without LB 
[7,8]. Taken together, these results suggest that dysfunction in the 
LC-related structures may contribute to heterogeneous clinical 
phenotypes with respect to beta-blocker responsiveness (Figure 3A). 

Interestingly, our results of TBSS analysis showed that the 
responders exhibited more severe disintegration of WM, mainly in 
the frontal lobe, with relatively preserved cortical thickness in the 
OFC. This anatomical discrepancy between WM pathology and 
GM atrophy suggests that the structural changes of WM in the 
responders would not result from secondary degeneration adjacent 
to GM abnormalities. Rather, this reflects primary damage in the 
fibers corresponding with the cerebello-thalamo-cortical loop, 
which is known to be an important pathway in the pathogenesis of 
ET. Consistent with these observations, our previous neuroimag- 
ing study in different ET patients indicated that patients with ET 
exhibited reduced FA value of the WM in a similar area in this 
study compared with healthy controls [14]. Therefore, the present 
study suggested that responders may have a distinct WM 
pathology, primarily involving the cerebello-thalamo-cortical 
loop, with preserved structural integrity around the LC compared 
with non-responders (Figure 3B). 

Previous DTI studies in ET patients have reported inconsistc-nt 
results in regard to whether the clinical features correlate with 
WM changes [15,16,18]. In our study, correlation analysis 
indicated that the parameters of tremor severity and disease 
duration were not significantly correlated with regional cortical 
thinning or WM alterations. These observations further support 
the role of propranolol responsiveness as an important factor for 
ET heterogeneity. In addition, with regard to patterns of clinical 
parameters in drug responsiveness, there were no significant 
differences in demographic characteristics or cognitive perfor- 
mance between the two groups in the present study. However, the 
responder group exhibited more severe WM alterations in the 
fronto-subcortical circuits that are responsible for cognitive 
dysfunctions in ET [3,58]. Thus, a longitudinal study focusing 
on changes in cognitive performance is needed to confirm this 
hypothesis. 

Some limitations in our study need to be addressed. First, we 
could not draw a solid conclusion from these imaging data, 
because this study is not based on pathological data. Second, the 
relatively small sample size may have limited the detection of 
group differences. Third, the dosage of 80 mg/day of propranolol 
may be suboptimal in some cases to declare ineflficacy in response. 
However, previous studies reported that most Asian cases with 
response showed the efficacy at this dose which may be 
subtherapeutic in Westerns [59,60]. Fourth, the idea that the 
connection between OFC and LC may be involved in the 
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Lewy bodies in brainstem 



Changes in cerebellumi 




Figure 3. A schematic illustration of the neuroanatomy in the pathophysiology of essential tremor (ET). (A) The locus coeruleus (LC) 
and its related structure, a major cortical glutamatergic afferent from orbitofrontal cortex (OFC) [a], may play a role in tfie pathogenesis of ET through 
the coerulo-cerebellar pathway [b]. (B) The cerebello-thalamo-cortical loop [c] is also an important pathway implicated in ET. These two distinct 
structures are consistent with heterogeneous neuropathologies (Changes in the brainstem and cerebellum, respectively) demonstrated in previous 
postmortem studies. Beta blockers seem to act centrally via Renshaw cells [d], and the LC is a strong candidate for mediating the beta-adrenergic 
effects to this pathway. 
doi:1 0.1 371/journal.pone.0084054.g003 



pathogenesis of ET has not been well established yet. Further 
investigations would be needed to support this hypothesis. 

Taken together, the results of the present study suggest that the 
presence of propranolol responsiveness may be a predictive factor 
in determining ET subtypes in terms of neuroanatomical 
heterogeneity. Further large studies with pathological data are 
required to draw definite conclusions. 

Supporting Information 

Table SI Neuropsychological data in ET patients. 

(DOC) 



Aclcnowledgments 

We thank Hyun-Jung Ahn for preparing figures. 

Autlior Contributions 

Conceived and designed the experiments: SJC PHL. Performed the 
experiments: SJC HK DL. Analyzed the data: SJC HK DL JL PHL. 
Contributed reagents/materials/analysis tools: SJC HK DL JL PHL. 
Wrote the paper: SJC HK DL PHL. Revised the article: JYH MS YHS 
PHL. 



References 

1. Davis CH,Jr., KuiiMc EC (1951) Benign essential (heredofamilial) tremor. AMA 
Arch Intern Med 87: 808-816. 

2. Elble RJ (2002) Essential tremor is a monosymptomatic disorder. Mov Disord 
17; 633-637. 

3. Benito-Leon J, Louis ED, Bermejo-Pareja F (2006) Population-based case- 
control study of cognitive function in essential tremor. Neurology 66: 69-74. 

4. Koster B, Deuschl G, Lauk M, Timmer J, Guschlbauer B, et al. (2002) Essential 
tremor and cerebellar dysfunction: abnormal ballistic movements. J Neurol 
Ncurosurg Psychiatry 73: 400-40."). 

^. Hclmchcn G, Hagenow A, Miesner J, Sprenger A, Rambold H, et al. (2003) Eye 
movement abnormalities in essential tremor may indicate cerebellar dysfunction. 
Brain 126: 1319-1332. 

6. Louis ED, Bromley SM, Jurewicz EC, Watner D (2002) Olfactory dysfunction in 
essential tremor: a deficit unrelated to disease duration or severity. Neurology 
59; 1631-1633. 

7. Louis ED, Faust PL, Vonsattel JP, Honig LS, Rajput A, et al. (2007) 
Neuropathological changes in essential tremor; 33 eases compared with 21 
contiols. Brain 130: 3297-3307. 

8. Axelrad JE, Louis ED, Honig LS, Flores I, Ross GW, et al. (2008) Reduced 
Purkinjc cell number in essential tremor: a postmortem study. Arch Neurol 65: 
101-107. 

9. Shill HA, Adlcr CH, Sabbagh MN, Connor DJ, Caviness JN, et al. (2008) 
Pathologic findings in prospectively ascertained essential tremor subjects. 
Neurology 70; 1452-1455. 



10. Jenkins IH, Bain PG, Colebatch JG, Thompson PD, Findley LJ, et al. (1993) A 
positron emission tomography study of essential tremor: evidence for overactivity 
of cerebellar connections. Aim Neurol 34: 82-90. 

11. Quattione A, Cerasa A, Messina D, Nicoletti G, Hagberg GE, et al. (2008) 
Essential head tiemor is associated with cerebellar vermis atrophy: a volumetric 
and voxel-based morphometry MR imaging study. AJNR Am J Neuroradiol 29: 
1692-1697. 

12. Cerasa A, Messina D, Nicoletti G, Novellino F, Lanza P, et al. (2009) CerebeUar 
atrophy in essential tremor using an automated segmentation method. AJNR 
AmJ Neuroradiol 30: 1240-1243. 

13. Benito-Leon J, Alvarcz-Linera J, Hcrnandcz-Tamamcs JA, Alonso-Navarro H, 
Jimenez-Jimenez IJ, et al. (2009) Brain structural changes in essential tremor: 
voxel-based morphometry at 3-Tcsla. J Neurol Sci 287: 138 142. 

14. Shin DH, Han BS, Kim HS, Lee PH (2008) Difiiision tensor imaging in patients 
with essential tremor. AJNR AmJ Neuroradiol 29: 151-153. 

15. Nicoletti G, Manners D, Novellino F, Condino F, Malucelli E, et al. (2010) 
Difiusion tensor MRI changes in cerebellar structures of patients with familial 
essential tiemor. Neurology 74: 988-994. 

16. Klein JC, Lorenz B, KangJS, Baudrexel S, Seifried C, et al. (2011) Diffusion 
tensor imaging of white matter involvement in essential tiemor. Hum Brain 
Mapp 32: 896 904. 

17. Jia L, Jia-Lin S, (^in D, (^ing L, Yan Z (201 1) A diffusion tensor imaging study 
in essential tremor. J Neuroimaging 21: 370—374. 



PLOS ONE I www.plosone.org 



6 



December 2013 | Volume 8 | Issue 12 | e84054 



Clinical Heterogeneity and Pathogenesis of ET 



18. SainiJ, Bagcpally BS, Bhatt MD, Chandran V, Bharath RD, ct al. (2012) 
Diffusion tensor imaging: tract based spatial statistics study in essential tremor. 
Parkinsonism Relat Disord 18: 477^82. 

19. KoUer WC, Vetere-Overfield B (1989) Acute and chronic effects of propranolol 
and primidone in essential tremor. Neurology 39: 1587—1588. 

20. Deuschl G, Bain P, Brin M (1998) Consensus statement of the Movement 
Disorder Society on Tremor. Ad Hoc Scientific Committee. Mov Disord 13 
Suppl 3: 2-23. 

21. Doty RL, Marcus A, Lee WW (1996) Development of the 12-item Cross- 
Cultural Smell Identification Test (COSIT). Lar\"ngoseope 106: 353-356. 

22. Stacy MA, Elble RJ, Ondo WG, Wu SC, Hulihan J (2007) Assessment of 
interrater and intrarater reliability of the r'ahn-Tolosa-Marin Tremor Rating 
Scale in essential tremor. Mov Disord 22: 833-838. 

23. Morita S, Miwa H, Kondo T (2005) Effect of zonisamide on essential tremor: a 
pilot crossover study in comparison with arotinolol. Parkinsonism Relat Disord 
11: 101 103. 

24. Ahn HJ, Chin J, Park A, Lee BH, Suh MK, et al. (2010) Seoul 
Neuropsychological Screening Battery-dementia version (SNSB-D); a useful 
tool for assessing and monitoring cognitive impairments in dementia patients. 
J Korean Med Sei 25: 1071-1076. 

25. Collins DL, Neehn P, Peters TJVl, Evans AC' (1994) Automatic 3D intersubject 
registration of MR volumetric data in standardized Talairaeh space. J Comput 
Assist Tomogr 18: 192-205. 

26. Sled JG, Zijdenbos AP, Evans AC (1998) A nonparametric method for 
automatic correction of intensity nonuniformity in MRI data. IEEE Trans Med 
Imaging 17: 87-97. 

27. MacDonald D, Kabani N, Avis D, Evans AC (2000) Automated 3-D extraction 
of inner and outer surfaces of cerebral cortex from MRI. Neuroimage 12: 340- 
356. 

28. Zijdenbos AP, Forghani R, Evans AC (2002) Automatic "pipeline" analysis of 3- 

D MRI data for clinical trials: application to multiple sclerosis. IEEE Trans Med 
Imaging 21: 1280-1291. 

29. KimJS, Singh V, Lee JK, LerehJ, Ad-Dab'bagh Y, et al. (2005) Automated 3-D 
extraction and evaluation of the inner and outer cortical surfaces using a 
Laplacian map and partial volume effect classification. Neuroimage 27: 210— 
221. 

30. Lerch JP, Evans AC (2005) Cortical thickness analysis examined through power 
analysis and a population simulation. Neuroimage 24: 163-173. 

3 1 . Worsley KJ, Taylor JE, Tomaiuolo F, Lerch J (2004) Unified univariate and 
multivariate random field theory. Neuroimage 23 Suppl 1: S189-195. 

32. Smith SM, Jenkinson M, Johansen-Berg H, Rueckert D, Nichols TE, et al. 
(2006) Tract-based spatial statistics: voxelwise analysis of multi-subject diffusion 
data. Neuroimage 31: 1487-1505. 

33. Smith SM, Nichols TE (2009) Threshold-fi-ee cluster enhancement: addressing 
problems of smoothing, threshold dependence and localisation in cluster 
inference. Neuroimage 44: 83-98. 

34. Kang ¥, Na DL, Hahn S (1997) A vahdity study on the Korean Mini-Mental 
State Examination (K-MMSE) in dementia patients. Journal of Korean 
Neurological Association 15: 300—308. 

35. Morris JC (1993) The Clinical Dementia Rating (CDR): current version and 
scoring rules. Neurology 43: 2412-2414. 

36. He Y, Chen ZJ, Evans AC (2007) Smjill-world anatomical networks in the 
human brain revealed by cortical thickness from MRI. Cereb Cortex 17: 2407- 
2419. 

37. Gong G, He Y, Concha L, Lebel C, Gross DW, et al. (2009) Mapping 
anatomical connectivity patterns of human cerebral cortex using in vivo diffusion 
tensor imaging tractography. Gereb Cortex 19: 524 536. 

38. Singh Y, CJhertkow 11, Lerch JP, Evans AG, Dorr AE, el al. (21106; Spatial 
patterns of cortical thinning in mild cognitive impairment and Alzheimer's 
disease. Brain 129: 2885-2893. 



39. DamoiseauxJS, Smith SM, Witter MP, Sanz-Arigita EJ, Barkhof E, et al. (2009) 
White matter tract integrity in aging and Alzheimer's disease. Hum Brain Mapp 
30: 1051-1059. 

40. Lee JE, Park HJ, Park B, Song SK, Sohn YH, et al. (2010) A comparative 
analysis of cognitive profiles and white-matter alterations using voxel-based 
diffusion tensor imaging between patients with Parkinson's disease dementia and 
dementia with Lewy bodies. J Neurol Neurosurg Psychiatry 81: 320—326. 

41. Jelferson D.Jenner P, Marsden (U3 (1979) bcla-Adrenon'ceptor antagonists in 
essential tremor. J Neurol Xeiirosurg Psychiairy 42: 90-1 909. 

42. Leigh PN, Jelferson D, Twomey A, Marsden CJD (1983) Beta-adrenoreceptor 
mechanisms in essential tremor; a double-blind placebo controlled trial of 
metoprolol, sotalol and atenolol. J Neurol Neurosurg Psychiatry 46: 710-715. 

43. Cleeves L, Findley LJ (1984) Beta-adrenoreceptor mechanisms in essential 
tremor: a comparative single dose study of the effect of a non-selective and a 
bcta-2 selective adrenoreceptor antagonist. J Neurol Neurosurg Psychiatry 47: 
976-982. 

44. Young RR, Growdon JH, Shahani BT (1975) Beta-adrenergic mechanisms in 
action tremor. N EnglJ Med 293: 950-953. 

45. Galzetti S, Findley LJ, Gresty MA, Perucca E, Richens A (1981) Metoprolol and 
propranolol in essential tremor: a double-blind, controlled study. J Neurol 
Neurosurg Psychiatry 44: 814—819. 

46. Suemaru K, Kawasaki H, Oishi R, Gomita Y, Tanizaki Y (1997) Role of central 
nicotinic and beta-adrenergic receptors in the onset and further development of 
tail-tremor induced by repeated nicotine administration to rats. Naunyn 
Sehmiedebergs Arch Pharmacol 355: 571—575. 

47. Baker MR, Baker SN (2012) Beta-adrenergic modulation of tremor and 
corticomuscular coherence in humans. PLoS One 7: e49088. 

48. Nicholas AP, Pieribone VA, Hokfelt T (1993) Cellular localization of messenger 
RNA for beta-1 and beta-2 adrenergic receptors in rat brain: an in situ 
hybridization study. Neuroscience 56: 1023-1039. 

49. Kolasiewicz W, Kuter K, Nowak P, Pastuszka A, Ossowska K (201 1) Lesion of 
the cerebellar noradrenergic innervation enhances the harm aline -induced 
tremor in rats. Cerebellum 10: 267—280. 

50. Yamazaki M, Tanaka G, Takaori S (1979) Significance of central noradrenergic 
system on harmaline induced tremor. Pharmacol Biochem Behav 10: 421-427. 

51. Hoffer BJ, Siggins GR, Oliver AP, Bloom FE (1973) Activation of the patiiway 
from locus coeruleus to rat cerebellar Purkinje neurons: pharmacological 
evidence of noradrenergic central inhibition. J Pharmacol Exp Ther 184: 553- 
569. 

52. Samuels ER, Szabadi E (2008) Functional neuroanatomy of the noradrenergic 
locus coeruleus: its roles in the regulation of arousal and autonomic function part 
1: principles of functional organisation. Gurr Neuropharmaeol 6: 235-253. 

53. VoogdJ, (iliekstein M (1998) The anatomy of the cerebellum. I'rends Gogn Sci 
2: 307-313. 

54. Ichinohe N, Mori F, Shoumura K (2000) A di-synaptic projection from the 
lateral cerebellar nucleus to the laterodorsal part of the striatum via the centrEil 
lateral nucleus of the thalamus in the rat. Brain Res 880: 191-197. 

55. Hoshi E, Tremblay L, Feger J, Garras PL, Strick PL (2005) The cerebellum 
communicates with the basal ganglia. Nat Neurosci 8: 1491-1493. 

56. Foote SL, Bloom FE, Aston-Jones G (1983) Nucleus locus ceruleus: new 
evidence of anatomical and physiological specificity. Physiol Rev 63: 844—914. 

57. Aston-Jones G, Cohen JD (2005) An integrative theory of locus coeruleus- 
norepinephrine flinetion: adaptive gain and optimal performance. Annu Rev 
Neurosci 28: 403-450. 

58. Troster Al, Woods SP, Fields JA, Lyons KE, Pahwa R, et al. (2002) 
Neuropsychological deficits in essential tremor: an expression of cerebello- 
thalamo-cortical pathophysiology? Eur J Neurol 9: 143-151. 

59. Lee KS, Kim JS, Kim JW, Lee WY, Jeon BS, et al. (2003) A multicenter 
randomized crossover multiple-dose comparison study of arotinolol and 
propranolol in essential tremor. Parkinsonism Relat Disord 9: 341—347. 

60. KoUer WC (1986) Dose-response relationship of propranolol in the treatment of 
essential tremor. Arch Neurol 43: 42-^3. 



PLOS ONE I www.plosone.org 



7 



December 2013 | Volume 8 | Issue 12 | e84054 



